3D angle domain common image gathers (ADCIGs) from RTM are now considered as the most powerful tool for velocity analysis. And the wide azimuth (WAZ) data provide higher S/N and better illumination of subsalts than conventional narrow azimuth data. In this paper, in order to improve the seismic image and to estimate the fracture properties from these anomalies, we study fracture-induced azimuthal anisotropy on WAZ-ADCIG and propose an efficient method for analysing the WAZ-ADCIGs. The idea of this method is to correct the fracture-induced azimuthal variation on WAZ-ADCIG by applying a shift function, which can be obtained via a workflow of parameter scanning. This method is proved by a 3D field data example.
Introduction
With the increasing demand for hydrocarbons, and declining oil and gas reserves, fractured reservoirs have attracted much attention from the petroleum industry. The presence of natural and induced fractures in reservoir rock can significantly enhance oil and gas production. On the other hand, it brings new challenges to the oil industry in terms of anisotropic velocity model building and imaging.
The common image gather (CIG) provides a powerful tool for migration velocity analysis (Symes, 1993) and AVO/AVA analysis (Beydoun et al., 1993 and Tura et al. 1998) . It could be classified as the offset-domain common image gathers (ODCIGs) and the angle-domain common image gathers (ADCIGs). ADCIGs can be generated by either ray-based migration (Xu et al., 1998) or wave equation migration. (Xu et al., 2010; Sava and Vlad, 2011) . Since Reverse Time Migration (RTM) provides better images than Kirchhoff migration when geologic structures are complicated (Zhang and Sun, 2009 ), 3D angle domain common image gathers (ADCIGs) from RTM are now considered as the most powerful tool for imaging complex geological structures (Zhang et al., 2010) . It also comes with a bonus of providing an extra dimension for investigating azimuthal anisotropy. Moreover, the wide azimuth (WAZ) data provide higher S/N and better illumination of subsalts than conventional narrow azimuth data. Therefore, more and more data are collected with WAZ coverage.
Azimuthal anisotropy in rocks can be induced by the presence of one or more sets of aligned vertical fractures. Many efforts have been made for extracting reliable fracture properties by analysing the azimuthal variation of seismic travel times, amplitudes and attenuation. Tsvankin (1997) introduced the reflection moveout analysis to HTI parameter estimation whilst Perez (1999) studied the azimuthal variation of P-wave AVO responses. Li (1999 Li ( , 2003 first analysed the azimuthal variation of P-wave moveout for fracture detection. The azimuthal variation of P-wave seismic attributes, such as traveltime, stacking velocity, reflected wave amplitudes, impedance, etc. can be approximately described by an ellipse. The long axis of the ellipse indicates the fracture orientation, and the relative ratio of the long to short axes of this ellipse is proportional to the fracture density or intensity of the rock concerned (Li, 1999 (Li, & 2003 .
In this paper, we study fracture-induced azimuthal anisotropy on WAZ-ADCIGs and build a relation between this variation and fracture properties. Moreover, when stacking these azimuth gathers together directly, the image in or below the fracture zones will be blurred if we ignore the fracture-induced anisotropy. In order to improve the seismic image and to estimate the fracture properties from these anomalies, we propose an efficient method for analysing the WAZ-ADCIGs, which will refer to as 'angle gather'.
Motivation
It has been shown that TTI (Tilted Transverse Isotropy) reverse time migration can provide better images than isotropic migration. However, for some specific cases, the image of TTI RTM in certain areas is still not able to focus, no matter how many times the TTI velocity model is updated. Figure 1a shows a real field data example. The white dot circles indicate the 'out of focus' areas; the black dashed line in Figure 1 The motivation of the research in this paper comes from these azimuthal variations on TTI RTM angle gathers, and the main purpose of this research is to develop an effective method to improve the image by flattening the azimuthal variation directly and to evaluate the fracture-induced anisotropy.
Theory of azimuthal angle gather analysis
In this section, we study the theoretical explanation of the azimuthal variation and build a quantitative relation between the bias on each gather and the Thomson anisotropic parameters. Then, we deduce a shift function for flattening the azimuthal variation. Under the assumption of elliptical anisotropy, it is a function of azimuth, incident angle, equivalent HTI (Horizontal Transverse Isotropy) Thomson parameter δ (V) , and azimuth direction φ 0 of the fracture normal. According to the theory of depth focusing analysis, when the migration velocity is accurate, the imaged depths on each trace of CIG are independent from the incident angle θ and the azimuthal angle φ z(θ, φ, z 0 ) ≡ z 0 where z 0 is the true imaged depth.
The image I(r) will be enhanced by stacking,
where G(θ, φ, r) is the angle gathers sorted by incident angle and azimuthal angle, r = (x, y, z).
However, if we apply the vertical velocity V P0 as the equivalent isotropic velocity, the imaged depth z on each trace of common image gather G is a function of incident angle θ, azimuthal angle φ and the true imaged depth z 0 :
In order to improve the stacked image, a shift function is applied to relocate the migrated energy to its real image depth.
′ (x, y, z) = r(x, y, z′) = r�x, y, z + s(θ, φ, z)�
where G' represents the shifted angle gather and I' is the improved stack image; the shift function is given as
where δ (V) controls the maximum shift of the azimuthal correction and it is a linear function of fracture density; φ 0 is the fracture normal. This shift function adjusts imaged depths on CIGs to the same depth. Therefore, the stacked image will be enhanced.
In order to obtain the correct parameters δ (V) and φ 0 to flatten the angle gathers, a double scanning method is applied. Firstly, a set of shift functions are applied to the azimuthal angle gathers at one common image point (CIP) with different δ (V) and φ 0 . After that, we choose several windows over different depths at the same position and compute their semblance in terms of δ (V) and φ 0 . At last, we choose the optimum values of δ (V) and φ 0 by a double scanning of the maximum stacked energy. Then, we have the estimated parameters for one CIP. In the same way, we produce the estimated models of δ (V) and φ 0 for the whole area by repeating this workflow at all CIPs. The workflow for analysis of RTM azimuthal angle gathers is illustrated in Figure 2 . 
Field data implementation
To further verify this method, we apply it to a real 3D wide-azimuth dataset It has been proved that strong azimuthal anisotropy exists in the subsurface, as illustrated in Figure 1 . Before performing azimuthal analysis, TTI RTM are used for generating the azimuthal ADCIGs which are divided into 36 azimuthal sectors ranging from azimuth 0° to azimuth 175° with 5° increment while each azimuthal sector is sorted by incident angles from 0°to 60°with 4° increment. Then, we apply azimuthal analysis on these ADCIGs and flatten the azimuthal variations using estimated Thomson's parameters δ (V) and fracture orientations. Figure 3 shows the comparisons of azimuthal ADCIGs before and after azimuthal correction. In order to ensure that there is sufficient imaged energy in each trace, we merge the eighteen azimuthal sectors into six with 30°azimuthal coverage in each sector. It is clearly shown that, in the original gathers, the events for small azimuths dip with incident angle while those for large azimuths are flat. Figure 4 shows comparisons of migrated depth slices before and after azimuthal correction. The images in the fractured area are enhanced (see white boxes in these figures). Normally fractures develop around faults and the fracture-induced anisotropy confuses the images in these areas. However, after the azimuthal correction of fracture induced anisotropy, some faults dramatically emerge, as indicated by the white arrows in this figure. 
Conclusions
In this paper, we studied fracture-induced anisotropy in CIGs. Images in and below fracture zones are blurred because of the fracture-induced anisotropy. In order to solve this problem, we proposed a shift function to flatten the azimuthal variation on ADCIGs and then to improve the stacked image. We also developed a workflow for parameter scanning to estimate the fracture properties. This method is verified via a 3D field data set. This dataset contains strong azimuthal anisotropy in a shallow region, which damages the image quaility. Ater applying the azimuthal correction using a shift function with the estimated fracture parameters, the stacked images is improved significantly. 
